Defective interfering (DI) RNA molecules derived from the genomic L RNA segment of tomato spotted wilt virus (TSWV) were generated during sequential passage of the virus at high multiplicity. Characterization of DI RNAs from four distinct isolates by Northern blot analysis and sequence determination revealed that both the 5' and 3' genomic termini were retained in these molecules. Each DI RNA contained a single internal deletion of approximately 60 % to 80 % of the L RNA segment. All DI RNAs studied maintain an open reading frame (ORF) which suggests that these defective molecules should be translatable by ribosomes. Detection of only defective molecules with ORFs indicates either that association with ribosomes or translation is a prerequisite for the selection and maintenance of replicating DI RNAs, or that the truncated proteins produced play a role in their selection or replication. Analysis of the junction sites in the DI RNAs showed that short nucleotide sequences are repeated, one at the release and another at the reinitiation point on the L RNA. One of these is lost during the generation of the DI molecules. The presence of repeated sequences at the junction sites seems to be unique for tospovirus DI L RNAs; they have not been described for other DI systems of either positive-or negative-strand RNA viruses. A model for TSWV DI RNA generation is proposed in which the viral polymerase can 'jump' across the internal sequences from one secondary structure to another containing the repeated sequences, during the replication of the viral complementary L RNA segment.
Introduction
Tomato spotted wilt virus (TSWV), type species of the genus tospovirus within the Bunyaviridae family, has a genome consisting of three ssRNA segments denoted small (S) (2916 bases), medium (M) (approximately 5200 bases) and large (L) (8897 bases) (de Haan et al., 1990 (de Haan et al., , 1991 . The S RNA encodes the nucleocapsid (N) protein and a non-structural protein (NSs) in an ambisense gene arrangement (de Haan et al., 1990) . The L RNA is of negative polarity and encodes the putative viral RNA polymerase (de Haan et al., 1991) .
Recently, it has been shown that TSWV supports the replication of defective interfering (DI) RNAs formed during serial passage in Nicotiana rustica cv. America plants . These DI RNAs are derived from the L RNA genomic segment and contain internal deletions which vary in length. TSWV DI RNA segments resemble those of orthomyxoviruses, which are derived exclusively from the RNA segments encoding the polymerase subunits (Lazzarini et al., 1981 ; Holland, 1985; Nayak et al., 1990) . In animal-infecting bunyaviruses, Germiston virus DI particles have been detected which contain a shorter RNA component originating from the L RNA segment (Cunninghan & Szilagyi, 1987) . Defective L RNA segments have also been found in mosquito cells persistently infected with Bunyamwera virus (Scallan & Elliott, 1992) . However, an interfering effect of these molecules has not been demonstrated. More recently, Patel & Elliott (1992) have reported DI L RNA molecules with conserved 5" and 3 termini which arose during attempts to isolate conditional lethal amber nonsense mutants of Bunyamwera virus.
The nucleotide sequences and mechanisms responsible for the generation of the different classes of DI RNA molecules have been studied in several animal virus systems. Several mechanisms, i.e. copy-back, copychoice, rollover/loop-out, have been proposed to be responsible for the generation of DI RNAs, although, for most of the viruses analysed, the processes by which DI RNAs are formed are not completely understood (Lazzarini et al., 1981; Perrault, 1981; Holland, 1985; Nayak et al., 1990) . In the case of plant viruses, i.e. brome mosaic virus, turnip crinkle virus, cymbidium ring spot virus and tomato bushy stunt virus, the formation of potential double-stranded regions on the RNA, a replicase-driven copy-choice mechanism with involvement of secondary structures in the RNA molecule has been proposed to explain the generation of DI RNAs and recombination between viral RNA molecules (Bujarski & Dzianot, 1991; Cascone et al., 1990; Burgyan et al., 1991; Knorr et al., 1991) .
To characterize TSWV DI molecules and to identify the nucleotide sequences that might be involved in this event, the recombination sites of the DI RNAs have been studied. In this report, the junction sites and flanking sequences of four different DI L RNAs formed in four different TSWV isolates are presented, and the possible mechanisms involved in the generation of these DI RNA molecules discussed.
Methods
Generation and maintenance of Dl L RNAs. Four tospoviruses were used in this study. Three of them, the Brazilian isolate (BR-01) from tomato and two Dutch isolates (NL-04 and NL-I 1) from Impatiens, belong to serogroup 1 (de ,~vila et al., 1991, 1992) , and the fourth (SA-05) is a South African isolate from groundnut belonging to serogroup II. The isolates were serially passaged in N. rustica plants by mechanical inoculation for more than 20 generations. Plants were inoculated at 12 day intervals, using an inoculum prepared by grinding 1 g of systemically infected leaves in 5 ml of 0.01 M-phosphate buffer pH 7-0 containing 0-01 M-Na2SO3. The inoculated plants were placed in a glasshouse at approximately 22 °C in a light/dark regime of 16/8 h to allow symptom development.
RNA purification and Northern blot hybridization analysis. Nucleocapsid extracts were prepared from infected N. rustica plants infected with isolates containing DI L RNAs . RNA was extracted from these nucleocapsid preparations and 2 ~tg samples of RNA were analysed by electrophoresis in a 1% agarose gel under denaturating conditions (Bailey & Davidson, 1976) . After transfer to nitrocellulose membranes, the RNA segments were hybridized to 32p-labelled DNA probes directed to the L RNA segment of TSWV isolate BR-01 (Maniatis et al., 1982; de Haan et al., 1991) .
Amplification of DNA fragments by the polymerase chain reaction (PCR).
First-strand eDNA was synthesized on RNA segments isolated from nucleocapsid preparations of isolates containing DI molecules. These cDNAs were employed as the substrate in the PCR with 4 Ixg/ml of oligonucleotides (primers) corresponding to the non-deleted regions of the DI L RNA segments. The oligonucleotides used were L1 [identical to nucleotides 1 to 17 of the viral complementary (vc) RNA strand and containing additional BamHI and XhoI restriction sites], L29 (complementary to nucleotides 876 to 894 of the vcRNA strand), L33 (complementary to nucleotides 6531 to 6548 of the vcRNA strand) and L39 (complementary to nucleotides 8378 to 8396 of the vcRNA strand) (Fig. 1) . One microlitre of the RNA sample was first reversetranscribed for 1 h at 37 °C and subsequently amplified in a final volume of 100 p.1 containing 100 units (U) Moloney murine leukaemia virus reverse transcriptase (Gibco-BRL) and 2.5 U Taq polymerase (Promega) for 30 amplification cycles (1 min denaturation at 94 °C, 1.5 min annealing at 54 °C and 2 min extension at 72 °C). The amplified DNA fragments were analysed on a 1% agarose gel.
Cloning of the amplified D NA fragments and nucleotide sequencing. The amplified fragments were precipitated with ethanol and resuspended in TE buffer (10 mM-Tris-HCl, 1 mM-EDTA, pH 7.0). The purified DNA fragments were ligated into a T-Vector (Bluescript SK + ; Stratagene) prepared according to the method of Marchuk et al. (1991) using a fragment/T-Vector DNA ratio of 500 ng/100 ~g. The nucleotide sequences were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . Nucleotide and amino acid sequences, and secondary structures were compiled and analysed using the programs developed by the University of Wisconsin Genetics Computer Group (UWGCG).
Results

Mapping of the deletions of the DI L RNAs
As reported previously, several TSWV isolates have been obtained which contain stable, co-replicating DI RNA molecules. Furthermore, generation of these segments has often been shown to be associated with an attenuation of symptoms on infected plants .
Nucleocapsid RNA from four of these isolates was purified and analysed on an agarose gel ( Fig. 1 b) . The results show that in addition to the genomic RNA segments (as previously shown by Resende et al., 1991) , each isolate contained an L RNA segment-derived DI RNA species which differed in size in each isolate ( Fig. 1 c, d and e). The hybrization patterns obtained using different eDNA probes indicated that the DI RNAs retain the original L RNA termini, but contain an extensive internal deletion, of approximately 5.4 to 7-0 kb. The presence of these termini (identical to those reported by de Haan et al., 1991) in the DI molecules was confirmed by sequencing of full-length BR-01 DI RNA obtained by PCR using L1 and L63 (complementary to nucleotides 8881 to 8897 of the vcRNA strand) as primers (data not shown). Hybridization with probe pTSWV-806 showed that the coding region in the L RNA encompassing the conserved polymerase motifs (de Haan et al., 1991) had been deleted from all DI RNA molecules analysed. This finding indicates that these DI RNA molecules could not encode a functional polymerase protein.
PCR analysis of the DI L RNAs
Based on the hybridization patterns of the DI RNA segments, specific synthetic oligonucleotides were produced to determine, using PCR, more precisely the regions deleted in these defective molecules (Fig. 1 a) . First-strand DNA segments were synthesized from viral RNA containing the DI molecules using oligonucleotide L1 (5' end of vcRNA strand) as the primer. For isolates BR-01, NL-04 and NL-11, the PCR was performed using primers L1 and L33 (internal primer), producing DNA fragments with the expected sizes of 750, 1100 and 900 nucleotides, respectively (Fig. 2) . To analyse the defective segments of isolate SA-05, which contained the shortest DI L RNA found, primers L1 and L39 (internal primer) were used to synthesize a predicted DNA fragment of approximately 1600 bases. In addition to the desired fragment of isolate NL-04, smaller DNA fragments were also obtained, most likely as a result of non-specific annealing of the primers. The origin of these smaller fragments was not characterized further. All the PCR fragments obtained spanned the deleted regions of the DI L RNA molecules. The size of the PCR fragments also revealed that DI RNAs of isolates BR-01 and NL-11 had longer 3'-terminal regions than those of isolates NL-04 and SA-05. In contrast, the latter two had longer regions at the 5' end than those from BR-01 and NL-11.
Determination of the nucleotide sequences of the junction sites in D1 L RNAs
The amplified PCR fragments were cloned in Bluescript T-Vectors and their nucleotide sequences were determined. For each DI RNA, two independent clones were sequenced, and the sequences obtained were aligned to the standard L RNA of wild-type isolate BR-01. When compared with this RNA, the sequence and hybridization data showed that all the DI molecules analysed, as read from the complementary strand, had a shorter 5'-terminal region (including the complete 34 base noncoding sequence and the translation initiation codon of the L protein gene) and a longer 3'-terminal region (Fig.  3) . This observation indicates a higher selection pressure for the retention of this region and therefore it may contain sequences essential to select and maintain the DI segments generated. Analysis of the nucleotide sequences of the various DI segments revealed that the position of the junction sites varies and that deletion of internal sequences occurs at random. The recombination sites of the BR-01 DI RNA were located at positions 138 and 5930 in the L RNA, yielding a defective molecule of 3105 nucleotides (Fig. 4) . The dinucleotide UA was present on either side of the junction sequences in the template RNA and those were considered to be release and reinitiation points. One of these UA sequences is lost during the generation of this defective molecule. The nucleotide sequences of both NL-04 and NL-11 DI RNA showed that these isolates are very similar, if not identical, to the corresponding regions in the L RNA of isolate BR-01, thus allowing a precise determination of the junction sites (similar identity between the nucleotide tides. In this molecule, a UAG triplet sequence was present at the release and reinitiation sites. As in the DI L RNA of BR-01, one of these triplets has been lost during the generation of the DI molecules of NL-04. The DI segments of isolate NL-11 contain only a short portion of the 5'-terminal sequence. Since the recombination sites were located at nucleotides 74 and 5681, the segment generated was 3290 nucleotides long. In this isolate a repeated pentanucleotide sequence, CCACU, was found at the junction sites, one of which was lost during the generation of the DI RNA molecule. It was not possible to determine precisely the position of the junction site in the 2.0 kb DI L RNA of isolate SA-05 because the partially sequenced SA-05 DI L RNA showed approximately 75 ~o nucleotide sequence identity with the L RNA of isolate BR-01. Based on differences in nucleotide sequence identity, this isolate has been proposed as a novel species within the genus tospovirus (de Avila et al., 1992) . Nevertheless, alignment of the sequenced regions of this DI molecule with the corresponding parts ofTSWV L RNA allowed the positions of the recombination sites to be estimated as being either at or around nucleotide positions 650 and 7680 (Fig. 3) . sequences of the S RNA segments of two TSWV isolates belonging to serogroup I has also been found; de Haan et al., 1990; Maiss et al., 1991) . The recombination sites of the NL-04 isolate are located at positions 1031 and 6506, corresponding to a DI RNA segment of 3424 nucleo-
Maintenance of open reading frames (ORFs) in the DI L RNAs
Determination of nucleotide sequences surrounding the junction sites showed that all the DI molecules characterized seem to possess an ORF, which may encode proteins considerably smaller than the original polymerase protein (Fig. 5) . The ORF of isolate NL-04 starts at the same position (the AUG start codon 34 nucleotides downstream) as that of the wild-type L RNA and continues in the same frame after the junction site. In this case, the ORF is 3184 bases long, corresponding to a primary translation product of approximately 120K, and thus has the same N and C termini as the functional polymerase protein. The DI molecules of isolate BR-01 and NL-11 contain the original start codon of the L protein, but the ORFs terminate immediately downstream from the junction sites in both DI RNAs and therefore can encode only small polypeptides. However, both DI RNAs contain a large ORF. The ORF of the DI RNA of isolate NL-11 starts at position 68 in a wild-type no-sense reading frame and continues in the original frame after the junction site, encoding a putative protein of approximately 100K. The ORF in the DI RNA of isolate B R-01 starts immediately after the junction site at an AUG triplet located at position 144 (Fig. 5) , and its predicted protein has an Mr of 90K. All DI RNAencoded proteins have the same C-terminal sequence, corresponding to the last 717 amino acids of the viral polymerase. , 1990 ). In the case of influenza virus, DI molecules measuring less than 100 nucleotides have been detected and characterized. These DI RNAs originate from the polymerase (PB2)-encoding RNA segment, of which up to 84~ is deleted (Sivasubramanian & Nayak, 1983; Jennings et al., 1983; Nayak et al., 1990) . The presence of the 5' and 3' ends with the complete non-coding regions of the wild-type L RNA implies that DI molecules of TSWV possess the essential signals for virus replication, transcription and translation, and possibly those for other unknown functions. The presence of these signals suggests that interference and selective pressure could act at different stages of virus replication.
The existence of an ORF in all DI segments analysed may indicate that they encode a protein. These ORFs, which start with initiation codons and conform to Kozak's rules (Kozak, 1978) , encode proteins which have the original amino acid sequences in the C-terminal region of the polymerase protein. Formation of these proteins may be a prerequisite for the survival of the DI L RNAs. If the scanning model for translation (Kozak, 1989) holds for TSWV RNA translation, the strong AUG codons in the ORFs of the DI molecules may compete efficiently with the normal start codon in the wild-type L RNA. Alternatively, the synthesis of TSWV DI L RNA-specific proteins may affect the formation of functional polymerase and, owing to their common C-terminal sequences, may consequently inhibit the replication and transcription of the wild-type DI L RNA protein. Patel & Elliott (1992) detected novel polypeptides in mouse L cells infected with Bunyamwera virus preparations containing DI particles. This observation suggests that these polypeptides may be encoded by the DI L RNAs generated. Also, defective influenza virus PB2 segments encoding truncated polymerase subunits have been observed (Nayak et al., 1990) . These polypeptides could not be detected in virus particles, but appear to be associated with nucleocapsid complexes. Nayak et al. (1990) have proposed that these DI RNAencoded proteins possibly interfere with virus assembly by selectively inhibiting the incorporation of wild-type RNA segments into the virion. Interference of TSWV DI L proteins with virus assembly, therefore suppressing the yield of standard enveloped virus particles, can not be excluded.
The almost identical nucleotide sequences of TSWV isolates belonging to serogroup I (de Avila et al., 1991 (de Avila et al., , 1992 allowed us to determine precisely the junction sites of various DI RNAs. Analysis of the nucleotide sequences surrounding the recombination sites of the TSWV DI L RNAs revealed the involvement of identical sequences UA, UAG and CCACU at the release and reinitiation points of BR-01, NL-04 and NL-11 DI RNAs, respectively. The occurrence of such junction sites seems to be a unique feature in the generation of TSWV DI L RNAs as they have not been described for other DI systems in either positive-strand or negative-strand RNA viruses (Lazzarini et al., 1981; Holland, 1985; Re et al., 1985; Romanova et al., 1986; Morris & Knorr, 1990; Nayak et al., 1990 ). Meier et al. (1984 have proposed the involvement of repeated sequences in the generation of internally deleted Sendai virus DI genomes; however, in this case, these sequences were not located at the junction sites but in the region flanking the recombination sites. The different repeated sequences found in TSWV DI RNAs do not support the existence of general consensus sequences at which recombination occurs. They resemble neither the consensus splice sequences of eukaryotic mRNAs nor the GAA and CAA splice sequences observed for influenza virus mRNAs (Nayak et al., 1985; Jennings et al., 1983) . Also, significant similarities with the sequence motifs proposed to be involved in the generation of DI molecules and viral RNA recombinants in turnip crinkle virus have not been found (Cascone et al., 1990) . Nevertheless, repeated sequences such as UA, UAG and CCACU at the junction sites in the template RNA may enable the polymerase to jump from one site to another on the L RNA molecule during virus replication. This hypothesis suggests the involvement of the copy-choice mechanism in the generation of TSWV DI RNAs. This mechanism, in which the polymerase has to detach completely from a minus-or plus-strand RNA and reinitiate synthesis at a specific signal on the same or a different molecule has been proposed to explain the generation of viral RNA recombinants and DI molecules in different systems (Lazzarini et al., 1981; Perrault, 1981; Re et al., 1985; Cascone et al., 1990) . Since more than two of these short identical nucleotide sequences are present in the L RNA molecule, it is unlikely that the ones used specify either detachment from or reattachment to the template RNA. It is likely that, in addition to the repeated sequences, secondary structure(s) in the L RNA or even some higher order structures in ribonucleoprotein is responsible for the jump of the polymerase. This hypothesis is supported by the observation that stable computer-predicted secondary structures surrounding the deleted regions at the 5' end of genomic L RNA can be formed (Fig. 6 ). These possible secondary structures consist of hairpins with the repeated sequences located in the end loop. The repeated sequences at the release sites were found in unpaired sequences in the stems. These conformations, together with high order structures, may expose the nucleotides at these recombination sites allowing the polymerase to jump. This mechanism also explains why only DI RNAs of the 5'-3' type seem to be generated. Similar predicted secondary structures have also been observed in cymbidium ring spot virus, in which the sequences surrounding the recombination sites formed extensive and stable structures in the interior or hairpin loops (Burgyan et al., 1991) . The involvement of secondary structures in the generation of DI RNA and/or viral recombinant molecules has also been suggested for vesicular stomatitis virus (Yang & Lazzarini, 1983; Meier et al., 1984) , poliovirus (Kirkegaard & Baltimore, 1986; Kuge et al., 1986 ) and mouse hepatitis virus (Baric et al., 1987; Makino et al., 1988) . No sequence homology between the different joining sites of these viruses has been found. As observed for all TSWV DI RNAs characterized, one of the repeated sequences present at the release and reinitiation sites is lost during these polymerase error events. This observation may be explained by the annealing of the anti-sequences present at the release sites to the second set of repeated nucleotides, after which replication is reinitiated and by which the second sequence is lost. In recombinant RNA molecules of brome mosaic virus, the formation of heteroduplex structures at both sides of the junctions suggest that, as in poliovirus, local hybridization, rather than primary sequence, may assist the RNA polymerase to switch among the RNA templates (Bujarski & Dzianot, 1991 ; Romanova et al., 1986) .
The understanding of the mechanisms of generation of the defective molecules described in this paper, as well as their involvement in the attenuation of symptom expression during virus infection, may shed light on the replication processes of tospoviruses and thereby of bunyaviruses in general. The replicative advantages of these DI RNAs will allow us to investigate the virus infection process and to study the minimal genome information required for virus replication, encapsidation and packaging . Furthermore, the symptom attenuation effects of the DI RNAs may provide new ways to protect host plants against the devastating effects of TSWV infection.
